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Abstract. The Lena River is one of the largest Russian
rivers draining into the Laptev Sea. The permafrost areas
surrounding the Lena are predicted to thaw at increasing
rates due to global temperature increases. With this thawing,
large amounts of carbon – either organic or in the gaseous
forms carbon dioxide and methane – will reach the waters
of the Lena and the adjacent Buor-Khaya Bay (Laptev Sea).
Methane concentrations and the isotopic signal of methane
in the waters of the Lena Delta and estuary were monitored
from 2008 to 2010. Creeks draining from permafrost soils
produced hotspots for methane input into the river system
(median concentration 1500 nM) compared with concentra-
tions of 30–85 nM observed in the main channels of the Lena.
No microbial methane oxidation could be detected; thus dif-
fusion is the main process of methane removal. We estimated
that the riverine diffusive methane flux is 3–10 times higher
than the flux from surrounding terrestrial environment. To
maintain the observed methane concentrations in the river,
additional methane sources are necessary. The methane-rich
creeks could be responsible for this input.
In the estuary of Buor-Khaya Bay, methane concentrations
decreased to 26–33 nM. However, within the bay no con-
sistent temporal and spatial pattern could be observed. The
methane-rich waters of the river were not diluted with marine
water because of a strong stratification of the water column.
Thus, methane is released from the estuary and from the river
mainly by diffusion into the atmosphere.
1 Introduction
The Arctic Ocean is an intercontinental sea surrounded
by the land masses of Alaska, Canada, Greenland and
Siberia/Russia. About 10 % of global runoff flows into the
large areas of shallow Arctic shelf seas (Lammers et al.,
2001). Many Arctic rivers carry high concentrations of dis-
solved and particulate material. In addition, eroding coast-
lines also contribute to a strong terrestrial input (Dittmar and
Kattner, 2003; Lantuit et al., 2011). The carbon gases CO2
and CH4 can comprise about half of the total carbon exported
by an Arctic river and its tributaries (Striegl et al., 2012).
During all seasons the Lena River is supersaturated in CO2
compared to the atmosphere resulting also in a significant
CO2 supersaturation in the adjacent coastal sea (Semiletov et
al., 2011, 2013).
Although most regions on earth have warmed over recent
decades, warming in the Arctic progresses much faster than
the global average, and, consequently, observed changes are
more extreme (Symon et al., 2005; IPCC, 2007). One of
the most obvious implications of the observed warming is
that river runoff will change, respectively increase (Peterson
et al., 2002). During 1964–2000 the discharge to the Arc-
tic Ocean has increased by 5.6 km3 yr−1, mostly due to a
large increase from the Eurasian rivers (McClelland et al.,
2006). Changes in precipitation, evaporation, and a variety
of permafrost characteristics are the main drivers for the in-
crease in annual river discharge (McClelland et al., 2012).
Not only the river discharge will significantly change, due to
permafrost and therefore large soil thawing, but also the ter-
restrial freshwater system is likely to change from a surface-
water-dominated system to a groundwater-dominated system
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(Frey and McClelland, 2009). Both increasing river runoff
and decreasing permafrost extent are expected to increase
dissolved inorganic carbon content of the important Arc-
tic rivers (Tank et al., 2013). The disproportionate influ-
ence of rivers on the Arctic Ocean means that changes in
the discharge or chemistry of Arctic rivers have potentially
large implications for ocean physics, chemistry and biology
(Holmes et al., 2012).
In the Arctic there are substantial stocks of carbon;
however, there are also significant uncertainties associated
with the magnitude of organic matter stocks contained in
permafrost, and the storage of methane hydrates beneath
both subterranean and submerged permafrost of the Arc-
tic (McGuire et al., 2009). The Arctic is a substantial
source of methane to the atmosphere (between 32 and
112 Tg CH4 yr−1), primarily because of the large area of wet-
lands throughout the region (McGuire et al., 2009; Fisher et
al., 2011). Also the carbon dioxide input will increase by
the changes described above (Semiletov et al., 2013). Be-
cause methane is an efficient greenhouse gas, understand-
ing methane sources and sinks is important for studying lo-
cal processes and determining global methane budgets. How-
ever, methane release from the Arctic area, including gas hy-
drate and marine permafrost, is not yet included in the IPCC
methane budget calculations.
The Lena River is the second-largest river
(530 km−3 yr−1) draining into the shallow Laptev Sea
and further into the Arctic Ocean (Peterson et al., 2002). The
methane cycle in the Laptev and East Siberian Sea (ESS) has
been investigated intensively by Shakhova and Semiletov
and co-workers. The rivers Indigirka and Kolyma transport
significant amounts of methane into the East Siberian Sea
(Shakhova et al., 2005), and even the atmospheric methane
signal mirrored the strong methane import of this area
(Shakhova and Semiletov, 2007). However, the influence of
the Lena River on the methane budget of the ESS and Laptev
Sea is not quite clear. Some previous studies have suggested
that it plays a minor role (Semiletov et al., 2011), whereas
others reported high methane concentrations in its estuary
(Shakhova et al., 2010).
The aim of this study is to give a first estimate for
the riverine input of methane into the estuary of the Lena
Delta/Laptev Sea and to determine the further fate of this
methane in the marine water via dilution, microbial con-
sumption or diffusion into the atmosphere. Therefore we
monitored the methane distribution and its isotopic composi-
tion in the Lena Delta in 2008–2010 and also tried to assess
methane oxidation activity.
2 Material and methods
2.1 Study site
The Lena River is the second largest Arctic river and dis-
charges 530 km3 fresh water annually (McClelland et al.,
2012). Most of the water is discharged during end of May
and beginning of June when the ice in the rivers breaks up,
but the Laptev Sea is still covered by sea ice (Holmes et al.,
2012). The main Lena River branches enter the Buor-Khaya
Bay through the northern and eastern part of the delta: the
Trofimovskaya Channel with 60–75 % of the Lena River wa-
ter discharge and the Bykovskaya Channel with 20–25 %,
while the Olenekskaya Channel with only 5–10 % of water
discharge flows westward (Charkin et al., 2011). The further
distribution of the river water in Buor-Khaya Bay is mainly
driven by the atmospheric systems of the cyclonic or anti-
cyclonic Arctic circulation (Wegner et al., 2013; Heim et al.,
2013).
Water samples were collected during three summer ex-
peditions (9.8–14.8, 2008 (Boike et al., 2009); 14.8–23.8,
2009 (Wetterich et al., 2011) and 29.7–9.8, 2010) within
the main channels (Trofimovskaya, Bykovskaya and Olenek-
skaya Channel) of the Lena River and Buor-Khaya Bay
(Fig. 1a). Stations in the Bykovskaya and Olenekskaya Chan-
nel were identical (within 0.05◦) in 2009 and 2010. Stations
in Buor-Khaya Bay were only partly comparable between the
years (Fig. 1b).
2.2 Water sampling
River water was sampled from the Puteyski 405 survey ship,
via a Unite water sampler (Unite, Austria). Coastal water was
sampled with Niskin bottles from the ship TB 0012 during
2010. For river water, additional parameters (temperature,
salinity, oxygen, pH) were obtained with a portable multi-
parameter probe (Multi 350i, WTW) on board. For coastal
water these parameters were determined with a CTD probe
(Eco 159, Sea and Sun) directly in the water. Water samples
were collected from the surface (1 m), above and below the
thermocline if applicable, and near the bottom (approx. 1 m
above the ground).
Serum bottles (120 mL) were filled with thin silicon tubing
from the water sampler. The bottles were flushed extensively
with sample water (to ensure no contact with the atmosphere)
and finally closed with butyl stoppers; excess water could
escape via a needle in the stopper. Samples were poisoned
with 0.01 % HgCl2. In the home laboratory, 20 mL of nitro-
gen were added to extract methane from the water phase, and
excess water could escape via a needle. The volumes of the
water and gas phases were calculated by differential weigh-
ing.
Water from creeks draining from permafrost soil was filled
directly into 12 mL serum vials and analysed as described
above.
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Fig. 1. Sampling stations in the years 2008 (red), 2009 (blue) and 2010 (green) within the Lena Delta and Buor-Khaya Bay. (A) shows the
river stations, (B) the estuarine stations. Asterisks indicate stations with special isotopic signature.
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2.3 Gas analysis
Headspace methane concentrations were analysed in the lab-
oratory with a gas chromatograph (GC 2014, Shimadzu)
equipped with a flame ionisation detector and a molecular
sieve column (Hay Sep N, 80/100, Alltech). The temper-
atures of the oven, the injector and detector were 40 ◦C,
120 ◦C and 160 ◦C, respectively. The carrier gas (N2) flow
was 20 mL min−1, with 40 mL min−1 H2 and 400 mL min−1
synthetic air. Gas standards (Air Liquide) with methane con-
centrations of 10 and 100 ppm were used for calibration.
After measuring the methane concentration, the headspace
was analysed for the isotopic composition of methane. De-
pending on the methane concentration of the headspace, 0.5–
2.5 mL of the headspace was transferred into an evacuated
20 ml gas sampling tube. These data are only available for
2010.
The δ13CCH4 values were determined by a Finnigan
DELTAplus XP mass spectrometer. The extracted gas was
purged and trapped with a PreCon unit to pre-concentrate
the sample. Reproducibility derived from duplicates was 0.1–
0.7 ‰, depending on the amount of methane. The isotope
ratios are presented relative to the VPDB (Vienna Pee Dee
Belemnite) standard using the conventional delta notation
(Craig, 1957).
2.4 Calculation of methane oxidation
For the calculation of the fraction of methane oxidised, the
maximum methane concentration of a sample group was set
as fraction 1, and the other concentrations were related to this
concentration accordingly. Starting from the data point with
the maximum methane concentration and the corresponding
δ13C, the theoretical delta 13C of a given methane fraction
was calculated. A Rayleigh distillation model of the type dis-
cussed by Coleman et al. (1981), i.e.
δ13CCH4 = 1000 · (1/α− 1) · lnf + (δ13CCH4)0, (1)
was used to determine fraction f of the methane remaining
(thus, 1 − f is the methane consumed by oxidation), where
α is the kinetic isotope fractionation factor and (δ13CCH4)0 is
the starting stable isotopic composition. From the literature,
fractionation factors for microbial methane oxidation range
from 1.02 in fresh water (Bastviken et al., 2002) to 1.017 for
Arctic marine water (Damm et al., 2007). When only diffu-
sion is assumed, an α of 1.0009 is reported (Happell et al.,
1995).
2.5 Determination of the methane oxidation or
production rate
Simple incubation experiments were set up to determine the
change of methane concentration over time. One set of sam-
ples (n= 2–3) were stopped at the beginning of the incuba-
tion, the other set after 24 h or 40 h incubation in the dark,
near in situ temperature (6–16 ◦C). Incubation was stopped
by the addition of HgCl2 (0.01 % final concentration). In the
home laboratory, the difference in methane concentrations
was determined. Methane concentrations ranged from 300–
400 nM.
2.6 Calculation of the methane flux
Gas exchange across an air–water interface can be described
in general by the following function (Wanninkhof et al.,
2009): F = k · (cm − ce), where F is the rate of gas flux per
unit area, cm the methane concentration measured in sur-
face water and ce the atmospheric gas equilibrium concen-
tration based on Wiesenburg and Guinasso (1979). The gas
exchange coefficient, k, is a function of water surface agita-
tion. However, in oceans and estuaries, k in more determined
by wind speed, while in rivers water velocity dominates (Alin
et al., 2011). Therefore k for river water was calculated ac-
cording to the empirical Eq. (7) from Raymond et al. (2012):
k600 = 4725 · (V · S)0.86 ·Q−0.14 ·D0.66 (2)
with V as stream velocity (m s−1), S as slope, Q as discharge
(m3 s−1) and D as depth (m). Data on stream discharge, ve-
locity and depth were provided by Fedorova et al. (2013).
The slope of the Lena in its delta was 1 · 10−5 . This slope
is rather shallow, compared to the Yukon (1 · 10−4); only
the Amazonas is as shallow (Syvitski and Saito, 2007). For
comparison with other studies, k for methane can be con-
verted to k600 (value for CO2 at 20 ◦C) according to Striegl
et al. (2012):
kCH4/k600 = (ScCH4/ScCO2)0.69. (3)
Schmidt numbers (Sc) are determined by water temperature
and salinity, according to Wanninkhof (1992).
In the estuary, the functions developed by Wanninkhof
(1992) were used to calculate the flux of dissolved methane
into the atmosphere:
k = 0.3l · u2 · (ScCH4/660)−0.5 (4)
with u as wind speed. In addition to our data on water tem-
peratures, salinities and methane concentrations at transects




For 2008 and 2009, only data from the surface and the bottom
are available, whereas data for 2010 cover the whole water
column in Buor-Khaya Bay.
In 2008, temperatures in the middle of Buor-Khaya Bay
ranged between 13 and 15 ◦C at the surface and 3–4 ◦C at
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the bottom. The corresponding salinities were around 1 at the
surface and around 21 at the bottom. Otherwise, temperatures
ranged from 10 to 18 ◦C with salinities < 1.
In 2009, the Lena River had an average temperature of
12 ◦C. Only one station was found to have brackish water
(12 PSU and 2 ◦C).
In 2010, the main channels of the Lena River had an av-
erage temperature of 16 ◦C, only the Olenekskaya Channel
was much warmer with 19 ◦C. No differences were observed
between surface and bottom temperatures in the channels.
In Buor-Khaya Bay a distinct stratification was observed
(Fig. 2): cold, saline water was observed below a water depth
of 12 m, while at the surface the warmer Lena River water
extended far to the northeast (Bussmann, 2011).
3.2 Methane concentrations
In a first spatial classification, the data were sorted into estu-
arine, riverine and creek water samples (Fig. 3). During the
entire sampling time, no significant differences were found
between surface and bottom water methane concentrations
in the river as well as in the estuary. Thus surface and bottom
water data are pooled in the following analyses.
Methane concentrations in the creeks draining from per-
mafrost soil were extremely high (914 nM in 2009 and
1854 nM in 2010, median of 1505 nM, n= 7, for all samples,
Fig. 3). These creeks drain into the Lena River, but river con-
centrations were shown to be much lower with median con-
centrations of 30 nM and 85 nM in 2009 and 2010 respec-
tively. The equilibrium concentration of methane at the re-
spective temperature (and salinity) was around 3.2 nM; thus
the river was 900 % and 3000 % oversaturated. A closer look
at the three main channels revealed that significantly higher
concentrations were always found in all sampling years in
Olenekskaya Channel (median concentrations of 147 and
393 nM in 2009 and 2010, respectively). The other chan-
nels however revealed distinct differences among the differ-
ent years. While in 2009, the Bykovskaya Channel had a
similar concentration as the Trofimovskaya Channel (median
of 33 nM versus 25 nM), in 2010, the Bykovskaya Channel
methane concentrations were significantly lower than in the
Trofimovskaya Channel (median 70 nM versus 86 nM). For
2008, no data on the river are available.
In the estuary, the median concentrations were 28 nM
in 2008, 33 nM in 2009 and 26 nM in 2010. In all years,
methane concentrations showed a distinct intra-annual vari-
ability (Fig. 3). The equilibrium concentration of methane at
the respective temperatures and salinities was around 3.4 nM;
thus the estuary was 919 % oversaturated.
However, in the different years we could not always sam-
ple the same stations. Thus for a better comparison we re-
stricted the analysed area to 129–130.8◦ E and 71.5–72.1◦ N,
as “common area” which was sampled in all three years
(Fig. 4). In 2008 methane-rich Lena surface water (up to
433 nM) with a low salinity (< 1) spread near the mouth of
Fig. 2. Salinity for transect 1 in Buor-Khaya Bay in July 2010.
the Bykovskaya Channel. Water with higher salinities had
low methane content (23± 6 nM). In 2009, surface values
were within the lower (pink) range with 30± 10 nM. In 2010,
surface values in this area were within the lower (pink) range
(23± 7 nM), but also some elevated concentrations were ob-
served (66± 14 nM). For 2009 and 2010, no relation with
salinity was obvious.
In 2010 we were able to sample up to 72.5◦ N and to the
eastern side of the bay. Methane surface concentrations were
mostly low (pink, < 50 nM), but stations close to the river
mouth reached values of approx. 100 nM (Fig. 5).
3.3 Isotopic signature of methane
The lightest carbon isotope signature of methane
−42.3 ‰± 1.7 ‰ (n= 3, Fig. 6) was recorded in the
Olenekskaya Channel together with methane concentrations
of 414± 52 nM. This isotopic signature was comparable
to the signature of the creeks draining from permafrost
(−39.4 ‰± 1.9 ‰, n= 3, Fig. 6); however, here, much
higher methane concentrations of 1891± 877 nM were
measured. Unfortunately, the isotopic samples from the
other Lena channels were lost during transport from the
Lena Delta to Germany so that no further information on
this topic is available.
In contrast, methane in the Buor-Khaya Bay was much
heavier (−33.6 ‰± 0.8 ‰, n= 30, Fig. 6). The correspond-
ing methane concentrations covered a wide range, from
approximately 10 to 100 nM. However, at two stations
www.biogeosciences.net/10/4641/2013/ Biogeosciences, 10, 4641–4652, 2013
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Fig. 3. Range of methane concentrations in creek water, in the Lena River and in the estuary of Buor-Khaya Bay for the years 2008, 2009
and 2010.
we detected a very heavy signature of −12.1 ‰± 2.1 ‰
(n= 4, Fig. 6) together with low methane concentrations
(21± 3 nM), which points to a different origin of this
methane.
3.4 Incubation experiments
Simple incubations of natural river water as well as coastal
water revealed no potential of methane consumption. Instead,
in river water samples a methane production was observed,
despite oxic incubation conditions.
4 Discussion
4.1 Processes within the river
Methane concentration measurements in the Lena River from
2008 to 2010 revealed average concentrations between 30
and 85 nM, which is a bit lower than the concentrations ob-
served in the same area by Semiletov et al. (2011). How-
ever, the observed concentrations are within the lower range
of boreal rivers for which average concentrations between 10
and 1400 nM have been reported (Middelburg et al., 2002).
Isotopic data of methane in creek water and in the Olenek-
skaya Channel (−42 and −39 ‰) showed a rather heavy
methane signature when compared to other Arctic lakes
(−58 ‰, Walter et al., 2008) and is much more closer to
water samples from polygons at near-by Samoylov Station
(−45 ‰, Preuss et al., 2013). This unusual signal could in-
dicate that the organic matter used for methane production
probably also had a heavy signature. Because extreme cy-
cling of carbon can also lead to rather heavy methane sig-
natures in sediments (−30 ‰, Binhe et al., 2004). Strong
methane oxidation could also shift the signal towards the
heavier isotope, but this is not supported by our data.
Within the channels of the Lena River, different processes
can alter methane concentrations. High methane concentra-
tions can be due to the input of creek water and other trib-
utaries, or by in situ production in sediments or the water
column while methane reduction can be due to microbial ox-
idation and diffusion into the atmosphere.
To assess the microbial aspect of the methane cycle, sim-
ple incubation experiments were set up. These experiments
revealed no methane consumption at all but a strong methane
production. Subsequent experiments for methane oxidation
in the lab showed that the detection limit of these experi-
ments was around 20 nM d−1 indicating a rather low methane
oxidation potential in the Lena River. Further experiments
however have to be done to reveal the reason for this excep-
tionally low methane oxidation potential.
To calculate the diffusive methane flux, we followed
the estimates of Raymond et al. (2012) (see Material
and Methods) and calculated a transfer coefficient k600 of
1.7± 0.6 m d−1 for the Lena River. This value is somewhat
lower than values calculated for the Yukon River (3.1 m d−1,
Striegl et al., 2012) and the Ohio River (5.2 m d−1, Beaulieu
et al., 2012). Other authors use a different approach for the
calculation and sum up the k600 calculated with wind speed
and k600 calculated with water current (Silvennoinen et al.,
2008) to a combined k600 resulting in a value of 3.1 m d−1
in the lower Temmesjoki River (Baltic Sea). Comparisons
between wind- and current-based calculations versus flux
chamber measurements however show no simple relation be-
tween these factors (Beaulieu et al., 2012). Thus we decided
to stick to the more conservative assumption of only current-
driven gas transfer.
The Olenekskaya Channel had high methane concentra-
tions and warm water masses and calculated high methane
fluxes (13± 6 mmol m−2 d−1, n= 3, or 215 mg C m−2 d−1).
Furthermore, in the Olenekskaya Channel, methane ebul-
lition was observed from the sediment, which will ad-
ditionally increase the total methane flux (Baulch et al.,
2011). For the Bykovskaya and Trofimovskaya channels,
the flux was 4–5 mmol m−2 d−1, or 64–81 mg C m−2 d−1.
Striegl et al. (2012) estimated an areal methane flux
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Fig. 4. Surface methane concentrations and salinities in the estu-
ary for the years 2008, 2009 and 2010, within a “common area” as
shown in the map inlet.
of 1.4 mmol m−2 d for the lower Yukon, and Laurion et
al. (2010) showed that permafrost thaw ponds may emit
about 0.03 to 5.62 mmol m−2 d−1 of methane. The methane
flux from the Lena River was therefore somewhat higher
compared to the Yukon and the thaw ponds.
At the nearby Samoylov research station, the “terrestrial”
methane flux ranged from 4 to 28 mg C m−2 d−1 at the rim
and the depression of polygon structures (Kutzbach et al.,
2004). Eddy covariance indicated an average daily methane
flux of 19 mg m−2 d−1 (ranging from 6–22 mg m−2 d−1),
mainly determined by wind velocity (Sachs et al., 2008).
Thus, the methane flux from the Lena River and its various
Fig. 5. Surface methane concentrations and salinities in the greater
estuary for 2010. For stations see Fig. 1b.
Fig. 6. Carbon isotope signature of methane in 2010, with corre-
sponding methane concentrations in meltwater (A), Olenekskaya
Channel (B), Buor-Khaya Bay (C) and two separate stations in
Buor-Khaya Bay (D), indicated with an asterisk in Fig. 1.
channels is about 3–10 times higher than the terrestrial emis-
sions. One reason for the lower terrestrial emission could
be that for the terrestrial environment an intense microbial
methane oxidation was observed (Preuss et al., 2013; Lieb-
ner and Wagner, 2007), which seems to be absent in the river.
However, for an assessment of the regional methane fluxes
from the whole Lena Delta, it would be important to take
into account the different areas of river channels, thaw ponds
and terrestrial environment. Additionally, all flux data of the
area have to be from the same year and season, but these data
are unfortunately not available.
In Fig. 7 the methane concentrations along the river flow
are shown. For the Trofimovskaya Channel, there seem to
be further sources of methane along its flow, as seen by
the increase of methane concentration with flow distance
(Fig. 7). However, in the Bykovskaya and Olenekskaya chan-
nels, methane concentrations did not change significantly
along the flow distances. Based on the work of Anthony et
al. (2012) and de Angelis and Scranton (1993), we propose a
simple box model to budget the methane fluxes in the Lena.
www.biogeosciences.net/10/4641/2013/ Biogeosciences, 10, 4641–4652, 2013
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Fig. 7. Methane concentrations in the Olenekskaya Channel 2010
(diamonds), Trofimovskaya Channel 2008 (upward triangle) and
2010 (downward triangle) and the Bykovskaya Channel (circles)
plotted versus flow direction and distances from the first station (set
as 0 km).
For a certain section of the river, the methane flowing out
(Fout) is the sum of the methane flowing into this section
(Fin), the losses due to diffusive flux (Fdiff), the microbial ox-
idation (Foxid) and additional methane supply (Fsupply) from
methane production in the river sediment or lateral input
from creeks draining into the river.
Fout = Fin −Fdiffusive −Foxid +Fsupply (5)
The fluxes in and out of a certain river section are calcu-
lated by multiplying the measured concentrations with the
respective discharge (Anthony et al., 2012). The areal dif-
fusive flux is calculated by multiplying the surface area of
this river section (data from Fedorova et al., 2013) with the
calculated diffusive flux. The reduction of methane through
microbial consumption is assumed to be zero. With these cal-
culations and assumptions, we calculated that, for the two
channels Trofimovskaya and Olenekskaya, the methane flux
out of the respective channel sections was always bigger than
the flux into the sections, even though the loss of methane
via diffusion was substantial (Table 1). To maintain the mass
balance, the diffusive loss has to be counterbalanced by ad-
ditional methane sources (Fsupply)(Table 1). Such additional
sources could be an in situ methane production in the chan-
nels or methane coming by small creeks that drain into the
river. Unfortunately, no information is available for the in
situ methane production rate, and thus we cannot estimate its
importance for the methane budget. These creeks have very
high methane concentrations, and thus 21–50 of such creeks
would be sufficient to counterbalance the diffusive losses in
the respective river sections.
The warmest water temperatures (ca. 15 ◦C) in the Lena
over the year are normally recorded in July/August (Yang et
al., 2002). As methanogenesis is strongly influenced by tem-
perature (Eugster et al., 2011), highest methane production
Table 1. Methane budget for sections of the Lena River (in
kmol d−1).
Fout Fin Fdiffusive Fsupply Number
of creeks
required
Trofimovskaya 160 63 199 297 21
Channel1




1 Section length (31 km), width (1 km) and surface area (39 km2) with data on
discharge rates and channel width by Fedorova et al. (2013).
2 Section length (33 km), width (0.5–2.6 km) and surface area (51 km2) with data on
discharge rates and channel width by Fedorova et al. (2013).
3 Estimated input through a creek at Samoylov into the Lena River with a median
methane concentration of 1505 nM and a median discharge of 107 m3 s−1 (Abnizova
et al., 2012a, b).
rates will occur in these months. Also soil temperatures and
therefore permafrost thawing rates are highest during these
months (Boike et al., 2013), which would also increase the
discharge of creeks draining from thawing permafrost soil.
Thus, the additional supply flux (Fsupply) into the river by
in situ methane production or by creeks will be very high in
summer, and we assume that our calculated methane flux is in
the upper range of the seasonal scale. However, the strength
of the methane input following the spring ice melt in the Lena
remains uncertain, because under ice cover methane may ac-
cumulate for several months and than be released after spring
ice melt (Phelps et al., 1998). This has been observed for the
Bothnian Bay, where highest methane flux was observed in
winter (Silvennoinen et al., 2008).
4.2 Processes within Buor-Khaya Bay
When the Lena River enters the coastal area of Buor-
Khaya Bay, methane concentrations decrease (median con-
centrations 26–33 nM, 2008–2010). These concentrations are
within the observed range from Shakhova and Semiletov
(2007; Semiletov et al., 2011) but lower than methane con-
centrations reported for other shelf seas, e.g. 290 nM in
the North Sea (Grunwald et al., 2007), 57 nM in Barents
Sea (Lammers et al., 1995) and 2–240 nM off Spitsbergen
(Damm et al., 2005).
The isotopic signature in the estuary (median −34 ‰)
is rather heavy, compared to other marine, Arctic val-
ues (−52 ‰, Damm et al., 2005). However, Cramer and
Franke (2006) report similar values for the Laptev Sea (−50
to −36 ‰. They assume that this methane is from thermal
origin and from marine or terrestrial bedrock. They also re-
port methane escaping from a SW–NE fracture zone in the
Laptev Sea. This could also explain the very heavy signature
(−10 ‰) of the three outliers (Fig. 6) as gas having escaped
by the fracture zone. However, as no additional information
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is available on the deuterium signature or the percentage of
higher hydrocarbons, and because natural gases contained
within and derived from humic sources can be both bacterial
and thermogenic depending on the burial history (Whiticar,
1996), a more detailed interpretation of our data is not yet
possible.
Within the bay, we have no indications of increas-
ing methane concentrations, and only processes to reduce
methane concentrations seem to be relevant.
To determine whether the decrease in methane concentra-
tions observed within Buor-Khaya Bay was due to dilution,
the methane data were plotted against salinity (Fig. 8). For
the years 2008 and 2010, no correlation was observed be-
tween salinity and methane concentration. This was also true
when only data with a salinity of > 1 were used. Addition-
ally, data were classified into different categories of salinity
(oligo-, meso- and polyhaline; Caspers, 1959), and the vari-
ability of the methane data was correlated to the variability of
the salinity data. Also this analysis did not reveal significant
results (Kruskal–Wallis rank sum test). Thus, methane loss
seems not to be the result of mixing methane-rich river wa-
ter with methane-poor marine water, as described for other
estuaries (de Angelis and Lilley, 1987). This may be due to
the very strong stratification of the water column (Fig. 2),
as in other river-dominated and stratified estuaries (Middel-
burg et al., 2002). The hydrographical regimen in the south-
ern Laptev Sea is governed by a high frontal instability and
unstable coastal currents (Heim et al., 2013; Charkin et al.,
2011). Thus also the methane distribution in the estuary re-
vealed no clear pattern (Fig. 5).
Methane concentration may also be reduced due to mi-
crobial oxidation, and can be inferred from isotopic data. In
Fig. 9, data from Buor-Khaya Bay are related to the data set
with the maximal methane concentration (102 nM); Rayleigh
curves are plotted to show how the isotopic signal would
change due to microbial oxidation with a fraction factor of
1.017, or due to diffusion from water into the atmosphere
with fractionation factor of 1.0009 (see Material and Meth-
ods). As seen in Fig. 9, the observed decrease in methane
concentration and the relatively minor shift towards heavier
methane cannot be explained by methane oxidation; instead,
diffusion seems to be the dominant process here. The lack
of methane oxidation is in contrast to other estuaries, where,
during summer, oxidation removed a substantial proportion
of methane from the freshwater and brackish areas of the es-
tuary (de Angelis and Scranton, 1993). This low methane ox-
idation potential is also supported by our experiments. One
reason could be a pronounced sensitivity of riverine methan-
otrophic bacteria to increasing salinity (unpublished data).
The diffusive methane flux from the estuary into the at-
mosphere was also estimated. Based on wind speed data
and water characteristics, the methane flux from Buor-Khaya
Bay into the atmosphere was calculated (see Material and
Methods). The flux of dissolved methane from Buor-Khaya
Bay into the atmosphere ranged from 32 to 98 µmol m−2 d−1
Fig. 8. Methane concentrations versus salinity for 2008 (open
squares) and 2010 (closed squares). (A) all samples, (B) only sam-
ples with a salinity of > 1.
along the coast (or 0.52–1.56 mg C m−2 d−1). These values
are about 1000 times smaller than the methane flux from the
Lena River. At the northernmost station, the methane flux
decreased to 5 µmol m−2 d−1 (or 0.08 mg C m−2 d−1). This
is much lower than the minimum flux of 130 µmol m−2 d−1
previously estimated for European estuaries (Middelburg et
al., 2002). Shakhova and Semiletov (2007) reported 3.02–
4.86 g C cm−2 h−1 (or 0.07–0.12 mg C m−2 d−1) methane
flux from the East Siberian Sea and northern parts of Buor-
Khaya Bay in 2003 and 2004. These data correspond well
with our northernmost station.
To estimate the riverine input into Buor-Khaya Bay, I
estimated the area of direct riverine input with the data
of B. Heim (yellow area in Fig. 2, Heim et al., 2013).
This area was approximately 130 km in length and 30 km
in width. Thus, in the respective area in summer 2010,
the loss of methane by diffusion can be calculated to
about 225 kmol d−1. The input of the two main channels
(Bykovskaya and Trofimovskaya channel with a discharge
of 7158 and 15 414 m3 s−1 and 96 and 120 nM of methane)
results in a methane input of 219 kmol d−1. Thus the riverine
input of methane into the estuary seems to be balanced by the
loss through diffusion into the atmosphere.
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Fig. 9. Fraction of methane oxidised in waters of Buor-Khaya Bay
in 2010. The endmember of the Rayleigh curve is based on the data
set with the highest methane concentration (102 nM) and the corre-
sponding isotope signature of −34.96 ‰ VPDB. The curves show
the prospective δ13C signatures modified by diffusion (α = 1.0009,
solid line) or oxidation (α = 1.017, dashed line).
5 Conclusions
In the Lena River, methane concentrations showed interme-
diate concentrations, comparable to boreal estuaries. How-
ever, single channels (Olenekskaya Channel) revealed ele-
vated methane concentrations throughout the different years.
In the river, microbial methane consumption could not be de-
tected; thus diffusion into the atmosphere must be the domi-
nant process of methane removal. The methane flux from the
Lena River and its various channels is 3–10 times higher than
the terrestrial emissions. However, to counterbalance this
loss and to maintain the observed methane concentrations in
the river, additional methane sources are necessary. This ad-
ditional methane supply could come from small creeks drain-
ing from the thawing permafrost soil into the river. They
reveal very high methane concentrations, and about 20–50
creeks per 30 km would be sufficient to maintain the ob-
served methane concentrations. Other sources could be in
situ methane production.
When the Lena River enters the estuary, methane concen-
trations should increase in Buor-Khaya Bay. However, this
riverine signal could not be detected in a consistent tempo-
ral and spatial pattern. This may be due to the unstable cur-
rent patterns in the bay. A strong stratification in the bay per-
mitted dilution of the methane-rich water with methane-poor
marine water. Again, no significant microbial methane con-
sumption could be detected, and thus methane diffusion is
the predominant process of methane loss. A comparison of
the riverine methane input and the calculated diffusive loss
showed that the riverine input is balanced by the loss through
diffusion into the atmosphere.
A rather interesting, heavy isotopic signal for methane
(−34 ‰) was observed in the estuary. Thus methane could
be of thermogenic origin, but the interaction of natural gases
with humic substance from the permafrost makes interpreta-
tions of this signal difficult, and further information is needed
here.
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